ABSTRACT: We measured sea turtle hatchling production on 16 sea turtle nesting beaches (219.6 km) in Florida (USA) from 2002 to 2012. A standard protocol was used to sample 19 701 loggerhead Caretta caretta, 3809 green turtle Chelonia mydas, and 664 leatherback Dermochelys coriacea nest contents, representing all Florida nesting beaches. We assessed (1) annual variation in hatching (hatched eggs/total eggs) and emergence (emerged hatchlings/total eggs) successes, (2) annual hatchling production, and (3) sources of egg and hatchling mortality. Emergence success rates were extrapolated to all Florida sea turtle nesting beaches using means weighted by each beach's nesting contribution. Weighted mean emergence success was 51.6% for loggerheads, 50.0% for green turtles, and 38.7% for leatherbacks. These estimates represent survivorship to the time hatchlings emerge from the nest. The estimated annual mean number of hatchlings produced on Florida beaches during the study period was 3 528 180 loggerheads (SD = 1 155 701), 568 098 green turtles (SD = 327 156), and 33 014 leatherbacks (SD = 17 574). Beach erosion from storms and nest predation by mammals were the principal identified sources of egg and hatchling mortality. Average emergence success ranged from 38.8 to 65.0% between years and 41.8 to 61.7% between study beaches, suggesting that a single sample year or location would not adequately represent a sea turtle population in demographic analyses of multiple year classes. We provide recommendations for analyzing hatching success and present a method of analysis that allows the inclusion of partially depredated nests. These nests are typically excluded because the original clutch size and the number of eggs removed by predators may not be known.
INTRODUCTION
Sea turtle nesting on Florida (USA) beaches occurs at a globally significant scale. Florida hosts the largest number of nesting loggerhead turtles Caretta caretta in the western hemisphere and has one of the largest assemblages of nesting green turtles Chelonia mydas in the wider Caribbean and Gulf of Mexico (Seminoff 2002 , Witherington et al. 2006a . Peninsular Florida also has significant and increasing nesting by leath-erbacks Dermochelys coriacea (Stewart et al. 2011) . Because of the importance of Florida to sea turtle nesting, estimates of hatchling production from Florida provide important demographic rates for models that measure conservation success and assess recovery actions.
Sea turtle populations are considered under multiple listings to be at risk of extinction (Stewart & Johnson 2006 , Witherington et al. 2006a , but significant gaps in knowledge concerning each population prevent a complete understanding of their demographic status. The lack of information on stage-specific survivorship critically limits the demographic description of these populations. In this paper, we address survival rates for the earliest sea turtle life stages -eggs and hatchlings in the nestfocusing on the number of hatchlings that emerge from the nest unaided. Post-emergence mortality is not addressed.
Although hatching success (the proportion of eggs that result in hatchlings) is a commonly reported measure for sea turtle nests, it rarely represents stage-based survivorship in the population, because samples of nests are typically biased in space, time, and/or treatment. The most common sampling bias comes from study designs in which sample nests are manipulated as experimental subjects; nests are selected to compare hatching success between management practices (Steinitz et al. 1998 , Abella et al. 2007 , Tuttle & Rostal 2010 or between experimental nest treatments (Honarvar et al. 2008) or to evaluate hatchery conditions (Blanck & Sawyer 1981 , Van de Merwe et al. 2005 , Ozdemir & Turkozan 2006 . Many studies do present data on non-manipulated nests in situ, but apply only to a short time series (most commonly 1 nesting season) and for a narrow segment of a population's geographic range (Fowler 1979 , Hewavisenthi & Parmenter 2002 , Foley et al. 2006 , Tapilatu & Tiwari 2007 . Two studies that stand-out as representing population hatching success and as describing variation in this measure over a long time series focused on hawksbill Eretmochelys imbricata (Pérez-Castañeda et al. 2007 ) and green (Niethammer et al. 1997) turtles; the latter study took place on a single island on which the majority of the population's known nesting occurs.
Another important estimate that may be derived from evaluations of broad-scale emergence success is the rate of hatchling production from nests. Although this estimate does not include hatchling survivorship from nest to sea, it is useful as a proxy for hatchling recruitment. Hatchling production may be estimated from the number of hatchlings that emerge from a representative sample of nests, multiplied by the ratio of the number of eggs in all nests to the number of eggs in sample nests. Although hatchling production is occasionally estimated for segments of a population (Ehrhart & Witherington 1987 , Pike & Stiner 2007 , the scope of sampling required to determine production for an entire population typically hinders broader-scale estimates.
In this paper, we examine an 11 yr series of emergence success assessments for 16 beaches around Florida. For loggerheads, we provide estimates of annual hatchling production for the entire state, for 5 geographic regions within the state, and for 2 recovery units, Peninsular Florida and the Florida portion of the Northern Gulf of Mexico unit (NMFS & USFWS 2008) . These estimates span a principal part of the geographic range of the Northwest Atlantic Ocean Distinct Population Segment of loggerheads (Conant et al. 2009 ), of which 90% of the nesting occurs in the southeastern United States (data in Ehrhart et al. 2003) . Hatching success assessments for green turtles and leatherbacks represent all of Florida.
The data result from the Statewide Nesting Beach Survey (SNBS) program, a sea turtle monitoring program managed by the Florida Fish and Wildlife Conservation Commission (FWC). The purpose of the SNBS program is to document the total distribution, seasonality, and abundance of sea turtle nests in Florida. Nesting data are collected by a network of individuals (including representatives of conservation organizations; local, state, and federal governmental personnel; academics; and consultants) who are under permit from the FWC to conduct research and conservation activities on marine turtles. The FWC, under a cooperative agreement with the U.S. Fish and Wildlife Service, issues the permits, provides training in nest survey techniques, and compiles nesting information. The existence of this network has made it possible to conduct a broad-scale, collective study of sea turtle hatchling production. The team monitors approximately 200 Florida beaches covering over 1300 km.
We analyzed hatchling production data from 2002 through 2012, focusing on 3 measures: (1) the annual variation in hatching success (hatched eggs/total eggs) and emergence success (emerged hatchlings/ total eggs), (2) the number of hatchlings that emerged from Florida nests annually, and (3) the sources of egg and hatchling mortality. For 7 potential mortality factors we produced a ranking scheme that could benefit decisions on allocating management effort.
Finally, we highlighted the importance of representative sampling of nests, using precise methods to record clutch location and rigorously mark nests to produce unbiased estimates of emergence success. We also described a methodology that allows for the inclusion of emergence success from nests that have been predated.
MATERIALS AND METHODS

Study beaches and sampling strategy
We used data from 16 discrete study beaches where surveyors monitored sample nests for hatchling production (Table 1, Fig. 1 ), following a standardized protocol found in the FWC's Marine Turtle Conservation Guidelines (http:// myfwc.com/ media/ 418307/ Seaturtle_Guidelines_Sect2.pdf). The 16 beaches were selected because they have been surveyed as part of FWC's productivity assessment each year since its inception (2001) and because at least 90% of the nests were left in situ on those beaches. Surveyors at each beach site conducted nest counts and inventoried a spatially and temporally representative sample of nests to determine hatchling production. To obtain a representative sample, the FWC and surveyors selected a sampling interval based on the expected number of nests encountered (typically the average nest count for the preceding 5 yr) for each survey area. A sample interval was calculated to achieve the target of approximately 100 sample nests per beach per year. Thus, if approximately 1000 loggerhead nests were expected, every 10th loggerhead nest would be included in the study, giving every nest on the beach an opportunity to be a part of the sample over the course of the entire season. A target of 100 nests per beach was the minimal sample size required to detect a difference of 5% in hatching and emergence success rates between years, as determined with a power analysis using Student's t-test and Cohen's d = 0.4 (alpha = 0.05, beta = 0.20). On beaches where surveyors expected fewer than 150 nests per year, all nests were included in the productivity assessment.
Because of an ongoing capture-mark-recapture research project, sample nests at 1 study beach (South Brevard County) were selected at oviposition (i.e. at night) rather than during the following diurnal survey. Clutch counts were conducted on nests marked at night in order to provide known clutch sizes prior to the occurrence of any disturbance and/or predation event. Sample nests on this beach were selected by establishing a weekly quota, based on historical nesting patterns that predicted how sample nests would be distributed in time and space. Except for the South Brevard County study beach, surveyors marked the location of clutches within 12 h of oviposition so that nests could be found and their contents inventoried once hatchlings had emerged. These marking methods had to withstand seasonal changes that typically occur on a beach and included measuring the distance between a clutch and 2 to 4 semi-permanent stakes driven into the sand at the base of the dune or on the dune crest. Surveyors verified clutch location using physical evidence left in the sand by the nesting turtle (e.g. a crater in the sand or 'body pit', evidence of covering the nest with the front flippers, etc.; Witherington et al. 2009 ). To find the exact location of the clutch, narrow test holes were hand-dug to find the topmost eggs of the clutch. The holes were then refilled with moist sand and lightly compacted by hand. So that results for selected nests would accurately represent all study beach nests, sampled and un-sampled nests were not treated differently. For example, a sample nest would be protected (e.g. screened or caged) from predators only if it would have also been protected had it not been selected as a sample nest.
We evaluated data from each sample nest for errors in inventory counts and other inconsistencies and excluded data that met any of 5 criteria: (1) the nest could not be located at inventory time, and the surveyor did not know the nest's fate; (2) notes indicated that the nest had been given special treatment because it was a sample nest; (3) the nest experienced partial washout from beach erosion during incubation (and an unknown number of eggs were lost); (4) a major disturbance (e.g. digging by a predator; erosion) occurred after hatchlings should have emerged but before the inventory was conducted; or (5) the nest had been relocated (because relocation might have introduced other egg-mortality factors [e.g. movement-induced mortality] that were not present for in situ nests). Excluded data represented 9.6% of loggerhead nests, 9.1% of green turtle nests, and 11.1% of leatherback nests, except in 2007 and 2008, when an average of 22% of the data for green turtle nests 56 S o u th e a s t S o u t h w e s t N o r t h e a s t N o rt h w e s t C e n t r a l-e a s t
Peninsular Florida
Recovery Unit Fig. 1 . Locations of the 16 study beaches in Florida, USA, used to represent sea turtle hatchling production for the state, regions (as described in Witherington et al. 2009 ), and loggerhead sea turtle recovery units (noted by outlining) was discarded as a result of frequent storm tides that washed away nest markers and nest contents after incubation but prior to inventory. In addition, these data do not include loggerhead nests from northern gulf beaches in 2010 because of the region-wide translocation of nests by volunteers due to the MC 252 (BP Gulf) oil spill (Brennan 2013) .
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Nest counts
Surveyors on each study beach counted sea turtle nests throughout the nesting season following a standardized protocol found in FWC's Marine Turtle Conservation Guidelines (http:// myfwc .com/ media/ 418307/ Seaturtle_Guidelines_Sect2.pdf). We defined a nest as having a clutch of eggs. Some error in our hatchling production estimates could have resulted from incorrect identification of nests. Witherington et al. (2009) estimated that the probability of a Florida surveyor correctly identifying a nest (that the nest counted actually had a clutch of eggs) was 96% (95% CI: 0.92− 0.99).
Hatching and emergence success
Based on observations of nests, post-incubation inventory of nest contents, and notes taken on conspicuous events affecting nests during incubation, surveyors collected the following information: species, egg deposition date, clutch size (if known), nest treatment (e.g. antipredator screen, relocation, no protection), and possible mortality events during incubation (e.g. predation with predator identified, poaching, tidal inundation, erosion). At the conclusion of incubation, surveyors inventoried nest contents following FWC Conservation Guidelines, which specify that the inventory be carried out 72 h after first sign of hatchling emergence (depression and/or hatchling tracks), or 70 d (for loggerheads and green turtles) or 80 d (for leatherbacks) post egg deposition. The inventory included recording the numbers of hatched eggs (shell fragments > 50% complete), live and dead hatchlings, and unhatched eggs. Un hatched eggs included pipped eggs (egg shell torn but hatchling not emerged from the egg shell), whole eggs, and damaged eggs (damaged by root penetration, predation, or other disturbance). These definitions were in keeping with techniques proposed by Miller (1999) . For purposes of determining clutch size or evaluating hatching and emergence success, 'eggs' without yolk (yolkless eggs, or 'spacers') were not counted.
For nests that did not experience a major disturbance (events that removed eggs such as erosion, predation, etc.), we estimated clutch size as the sum of the number of unhatched eggs and shells from hatched eggs, recorded in post-incubation inventories of nest contents. We calculated hatching success (HS) and emergence success (ES) using the following formulas and definitions (Miller 1999) :
where S is the number of empty shells (> 50% intact, from Miller 1999) from which hatchlings emerged, C i is the estimated clutch size derived from the nest inventory, and R is the number of hatchlings remaining in the nest that did not emerge. Eggshell counts may deviate slightly from exact clutch size due to eggshell fragmentation. However, this is not typically a problem when inventories are conducted on a timely basis. Fowler (1979) estimated that accuracy in counting hatched shells ranged between 92 and 100%. We calculated the mean annual hatching and emergence success rates for sample nests on each of our 16 study beaches. Because the data set we analyzed had a large number of zeros from total nest failures, we also calculated median values to represent central tendency. This gave both parametric and nonparametric measures for hatching and emergence success rates and for hatchling production. To estimate the annual number of eggs laid per species for each study beach, we multiplied the total number of nests counted on each beach by an average clutch size calculated from 2424 loggerhead, 902 green turtle, and 44 leatherback nests at the South Brevard County study beach (2001−2009) , where eggs were counted during or immediately after oviposition. For loggerhead and leatherback nests, no significant year-to-year differences were observed, so for our analysis we used the mean clutch size [loggerhead (x = 114, SD = 23.8); leatherback (x = 81, SD = 25)]. Green turtle clutch sizes, however, did differ among years (ANOVA: F 7.793 = 2.10, p = 0.042). Because there were no green turtle clutch-size counts in 2002, we used the multiannual mean clutch size (x = 128, SD = 22.9) as a substitute for that year. For all other years, we used the annual mean green turtle clutch size, which ranged from 118 to 137 eggs.
In order to make nest evaluations as representative as possible, we devised a method that allowed us to estimate success in nests with major disturbances by mammalian predators. We developed proxy values for hatching and emergence success from nests of known clutch size at the South Brevard County beach, which had experienced predation events. For these proxy values, we used success rates calculated from nests preyed on (1) by mammals and (2) by both mammals and ghost crabs Ocypode quadrata. In applying these proxy rates to depredated nests, we used the hatching and emergence success rates with the higher standard error of the mean (SEM) to calculate a conservative overall average for study beaches on which some nests had been preyed on solely by mammals or a combination of mammals and ghost crabs. When no eggs or shells were encountered during the inventory of an apparently depredated nest, the nest was considered to have been entirely depredated and was assigned a hatching and emergence success of zero. Because only 2 occurrences of depredation by mammals occurred on leatherback nests with a known clutch size, we could not estimate a mean, so these nests were excluded from the analysis.
Partly eroded nests (~1%) were excluded from analyses except at South Brevard County beach, where initial clutch sizes were known. When storms were determined to have completely eroded the beach surrounding a sample nest and the nest contents could not be found, surveyors recorded zero success.
Hatchling production
Emergence success rate was used to estimate hatchling production by species for all Florida nesting beaches using the weighted mean emergence success of each sample beach based on the proportion of all Florida nests it represented. Annual hatchling production per species was estimated from the following equations:
where ES F is the weighted mean annual emergence success for all Florida nests, N sb is the annual nest count for each sample beach, ES sb is the mean annual emergence success for each sample beach, N F is the annual nest count for all of Florida, P F is the hatchling production estimate for all of Florida, and C is the estimated clutch size. Our expansion of hatchling production estimates to all of Florida nesting beaches required total nest counts for the state. These total counts came from the SNBS program, which comprises approximately 200 beaches. During the study period (2002−2012) , participant survey effort covered nearly all known nesting beaches in Florida (Witherington et al. 2009 ; see also http://ocean.floridamarine.org/SeaTurtle/nesting/ FlexViewer/). The total length of nesting beach surveyed each year during the study period fluctuated no more than 1.5% from a mean of 1309.3 km.
We analyzed hatching and emergence success rates separately for the 2 recovery units in which our study beaches were located: (1) Peninsular Florida Recovery Unit (includes 14 of our study beaches), defined as the nesting beaches from the Florida− Georgia state line through Pinellas County (excluding the islands west of Key West) and (2) Northern Gulf of Mexico Recovery Unit (includes 2 of our study beaches), defined as the nesting beaches from Franklin County in Florida through Texas (NMFS & USFWS 2008) (Fig. 1) .
Mortality factors
We developed generalized linear mixed models for loggerhead and green turtle nests, assuming a binomial distribution, to describe how mortality factors affected hatching and emergence rates. We incorporated 9 potential mortality factors (Table 2) as fixed factors, using the GLIMMIX procedure of SAS v.9.3 to perform the analyses. For our assessment, we focused on 7 factor groupings that were most easily recognizable by surveyors and that were most likely to have the greatest effect on mortality. Other factors were each reported for <1% of sample nests.
In our original analysis of mortality factors, year was included as a random variable for green turtles and loggerheads. But this covariance term was estimated at zero for green turtles and so was dropped from the model for that species. We built additional generalized linear mixed models, each assuming a binomial distribution, to evaluate the impact of the fixed categorical factor of year on emergence and hatch rate for nests depredated by (1) ghost crabs, (2) raccoons, and (3) ghost crabs plus raccoons. When there was no effect of year, average hatch or emergence rate was estimated using an ESTIMATE statement. For these models, any year with fewer than 3 observed nests for the South Brevard study beach was removed.
RESULTS
Sample representation
We calculated hatching and emergence success, and estimated hatchling production based on inven-tory assessments of 19 701 loggerhead nests, 3809 green turtle nests, and 664 leatherback nests (Table 3) . The average number of nests sampled annually over the 11 yr was 1791 (SEM = 732) for loggerheads, 346 (SEM = 73) for green turtles, and 60 (SEM = 27) for leatherbacks. The proportion of Florida (total statewide) nests occurring on the 16 study beaches averaged 42% for loggerheads, 39% for green turtles, and 13% for leatherbacks.
Hatching and emergence success
Hatching and emergence success rates were calculated for the 16 study beaches (Table 3 ). The mean emergence success rates were 51.9% (SEM = 4.4) for loggerheads, 51.4% (SEM = 7.9) for green turtles, and 37.4% (SEM = 7.7) for leatherbacks. An additional analysis determined the average hatching and emergence success rates for nests that had at least 1 hatched egg. These were 70.1% (SEM = 4.5) and 66.9% (SEM = 4.4) for loggerheads; 67.7% (SEM = 8.0) and 63.4% (SEM = 8.0) for green turtles; and 48.1% (SEM = 7.0) and 51.0% (SEM = 7.2) for leatherbacks.
We estimated a grand weighted mean for hatching and emergence success by species representing all Florida nesting beaches from 2002 to 2012 (Table 4) . The weighted mean emergence success rates were 51.6% for loggerheads, 50.0% for green turtles, and 38.7% for leatherbacks. To represent annual changes in emergence success, we plotted annual weighted means for each species (Fig. 2) .
Each of the 16 study beaches had a sufficient number of sample nests to allow examination of annual trends in loggerhead emergence success by beach location (x = 114 sample nests per beach per year, SEM = 8.33). A plot of annual weighted mean hatchling emergence success for loggerhead nests at each of the 16 study beaches (Fig. 3) revealed high variation both between years and between study beaches.
Hatchling production
Using the weighted average emergence success from the 16 study beaches, we estimated that 3 528 180 loggerhead, 568 098 green, and 33 014 leatherback hatchlings were produced annually on Florida beaches (Table 4 , Fig. 4 annual hatchling production for 2 of Florida's loggerhead recovery units (Table 5 , Fig. 1 ). For the Peninsular Florida Recovery Unit, the mean annual number of hatchlings produced was 3 485 236, and for the Northern Gulf of Mexico (Florida only) Recovery Unit, 33 625 hatchlings were produced. Linear relationships between annual hatchling production and annual nest counts were positive for loggerheads (R 2 = 0.84, p < 0.001), green turtles (R 2 = 0.93, p < 0.001), and leatherbacks (R 2 = 0.82, p = 0.001) (Fig. 4) . Years with strongly negative residuals (i.e. for which hatchling production was less than that modeled from nest counts) were years in which mean hatching and emergence success were lowest (Table 3) .
Mortality factors
Data from sample nests at the South Brevard County study beach were sufficient to allow analysis of factors contributing to mortality for loggerhead and green turtle nests ( success when no mortality factor was reported, a condition that included undetected factors, was 73% for loggerhead nests and 67% for green turtle nests. Emergence success rates for loggerhead and green turtle nests varied with mortality factor (Table 2) . For both species, effects such as erosion (washouts) and inundation caused by rough sea conditions were important contributors to egg mortality. Emergence success for nests that experienced partial washout was 25.3% (± 6.0) for loggerheads and 26.0% (± 9.4) for green turtles. For both species, sample size for partial wash outs was small and the event occurred rarely on the other sample beaches ( Hatchlings produced Nests
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Hatchlings produced Nests Green turtle Fig. 4 . Caretta caretta, Chelonia mydas, and Dermochelys coriacea. Estimated total annual sea turtle hatchling production at Florida nesting beaches versus total annual nest counts. Hatchling production was based on weighted mean emergence success rates from 16 representative study beaches emergence success 39% in loggerhead nests and 32% in green turtles, compared with nests for which no mortality factors were reported. Sample size for loggerhead nests was sufficiently large for each of the 5 regions (northeast, n = 527; central east, n = 5674; southeast, n = 1807; southwest, n = 8789; and northwest, n = 1484; Fig. 1 ) of Florida to allow regional analysis of mortality factors (Fig. 5) . For all 5 regions, at least 60% of the nests experienced no reported mortality, although regional differences were detected.
DISCUSSION
Estimates of survivorship and hatchling production
Our methods addressed the challenge of using egg survivorship and hatchling production data to estimate some vital demographic rates of geographically widespread sea turtle populations. In addition to point estimates for loggerhead, green turtle, and leatherback nests, we also showed important variation in space and time. For all 3 species, annual variation in egg survivorship, as measured by emergence success (Fig. 2) , showed that a single year of sampling would not adequately represent the population in demographic analyses of multiple year classes. Similarly, variation between sample beaches (Fig. 3) indicated that a single beach was unlikely to adequately represent emergence success for a species with a broad nesting range.
We attempted to achieve population-wide representation. The 16 Florida study beaches we report on represented all the regions of Florida, an area that hosts approximately 90% of all loggerheads nesting in the Northwest Atlantic Ocean Distinct Population Segment (data in Ehrhart et al. 2003 ) defined by Conant et al. (2009) . Florida also hosts nearly 100% of nesting green turtles and leatherbacks in the con- Due to the MC 252 (BP Gulf) oil spill in 2010 many of the nests in the panhandle had to be relocated to Florida's east coast. Therefore, data from 2010 were excluded tinental United States. The 11 yr time series encompassed 4 loggerhead remigration cohorts (assuming a 2.7 yr interval; Witherington et al. 2006b ) and 5 green turtle and leatherback remigration cohorts (assuming 2 yr intervals; Witherington et al. 2006a , Eckert et al. 2012 . The data series also spanned several tropical cyclone events. The time series, however, might be considered short, in that the 11 yr of the study were part of a period for which the Atlantic Multidecadal Oscillation departure was largely positive, which may correspond with frequent tropical cyclone formation (www.esrl.noaa.gov/psd/data/ climate indices/ list/). Our estimates of egg survivorship could be expected to differ from other published values, because each nesting beach and each season has unique contributions of factors that influence egg mortality. A 19 yr time series of loggerhead hatching success from Zakynthos, Greece (Margaritoulis 2005) , described mean annual hatching success ranging from 61.7 to 80.2%; however, only nests that had visible signs of hatchling emergence (about 80%) and did not experience predation were included in this sample. This range is roughly comparable to our assessment of mean hatching success in Florida loggerhead nests that had at least 1 hatched egg (overall mean hatching success = 70.1%, SEM = 4.5). Foley et al. (2006) reported mean hatching (68.9%) and emergence success rates (68.6%) for loggerheads nesting on low-relief mangrove islands in the Ten Thousand Islands in southwest Florida in 1993 to 1994. Although a direct comparison with these results would not be appropriate because of differences in the temporal and spatial scopes of the studies, we note that we would expect our success rates (53.4% for hatching and 51.6% for emergence) to be lower if only because our analysis included predated nests, whereas the Foley et al. (2006) study did not. In the Foley study, 19 of 90 nests were removed from the sample because they had been predated.
Our method of choosing every nth nest discovered during daily nest counts is one way to achieve a sample representative of an entire season and an entire study beach. Workers may be tempted to sample nests in another way that would fit in with project logistics, such as marking 1 nest each day near a central work area. But this method would under-represent the middle of the season when nesting is greater and would over-represent the areas most convenient to access. Redundant nest marking is one way to ensure that nests are included in a sample even when storms erode the beach and when no hatchling emergence makes the nest conspicuous. We hypothesize that 'lost' sample nests are likely to have lower hatching and emergence success than other nests in the sample. As a result, a researcher forced to ex clude lost nests will be left with an over-estimate of hatchling production. Because of this detection bias, we argue against the use of hatchling emergence evidence to locate a clutch for its inventory (Miller 1999) .
Covariates from each sample nest were insufficient to explain interspecific differences in emergence success, but we noted 2 important factors worthy of future study. One is the seasonality of nesting. In Florida, leatherback nesting peaks in May (Stewart & Johnson 2006) , loggerhead nesting peaks in June and July (FWC's Fish and Wildlife Research Institute [FWRI] unpubl. data), and green turtle nesting peaks in July and August (FWRI unpubl. data) . Because nesting seasons offset by only 1 mo can receive different nesting-beach erosion effects from tropical cyclones, we hypothesize that seasonality may predict nest survivorship. The 3 species also differ in elevation of nest placement on the beach, which has been shown to affect survivorship in loggerhead nests exposed to erosion by storms (Ehrhart & Witherington 1987) . Although estimated annual hatchling production by each species correlated with annual statewide nest counts, certain years stood out as having strongly negative residuals (Fig. 4) . We propose that this is due to important stochastic mortality factors that are independent of nest production, such as storm events. For example, 2004 was a year in which major hurricanes affected nesting beaches in southeast, southwest, and northwest Florida (NOAA Na tional Weather Service, National Hurricane Center [NOAA NWS NHC]). That year, hatchling production for all 3 species was the lowest measured during the 11 yr period (Fig. 4) . This reduction was most pronounced for green turtles, whose nesting period extends the longest into the tropical cyclone season (NOAA NWS NHS). In an examination of loggerhead emergence success at the 16 study beaches (Fig. 3) , 2004 stands out as having low nest survivorship at the majority of beaches. Similar low loggerhead nest survivorship occurred in 2005, which also was a year of numerous tropical cyclones.
Factors affecting mortality and hatchling production
Focusing on nest mortality factors is helpful in efforts to manage nesting beaches for increases in hatchling production. Mammalian predators, especially raccoons Procyon lotor, can significantly diminish success of a nest, but such nests are often omitted from hatching and emergence success calculations (Fowler 1979 , Lagueux et al. 2003 , Foley et al. 2006 , Tapilatu & Tiwari 2007 because of the difficulty in measuring the loss, i.e. an unknown number of eggs or hatchlings may be missing from a nest for which the original clutch size is also unknown. Nevertheless, these nests may still have hatching and emergence success rates greater than zero. Of the 2 principal sources of nest mortality we identified for Florida beaches, predation and erosion from storms, predation is the more manageable. We found that the predominant predators of Florida sea turtle eggs and hatchlings were mammals, principally raccoons, and ghost crabs (Fig. 6) . Other predators and other mortality factors, contributing no more than 1% to egg and hatchling mortality, were ants, birds, plant roots, disturbance by another nesting turtle, and poaching. Although rates of nest predation would seem to indicate that ghost crabs had a large effect on egg mortality, very few nests preyed upon by ghost crab had been completely destroyed. For example, of the 2029 loggerhead nests affected by ghost crabs during the 11 yr study period, only 7 nests (0.3%) had a hatching success rate of zero. By comparison, of 1673 loggerhead nests preyed on by mammals, 559 nests (33%) were completely destroyed. Predation by ghost crabs reduced emergence success only 10% in loggerheads and 11% in green turtles, compared with nests with no reported mortality factors, although crab predation was more frequent than mammalian predation in all but the southwest region (Fig. 5) . Emergence rates were comparable for loggerhead and green turtle nests that had been preyed on by mammals, as were the rates for those nests preyed on by ghost crabs.
Our analysis of the contribution of key mortality factors (Table 2) showed that complete washout from beach erosion and complete mammalian predation had the greatest effect on egg survivorship by reducing emergence success to zero. Beach erosion is an element of a larger suite of storm effects including nest wash over and inundation. These effects were likely encompassed by the category of partial erosion, which had the second-lowest emergence success (Table 2) . From this we conclude that storm tides and accompanying erosion have profound effects on egg survivorship.
Our study beaches comprised an average of 43% of the nests in the Peninsular Florida Recovery Unit and 20% of the nests in the Northern Gulf of Mexico (Florida only) Recovery Unit beaches. Recovery goals specified in the Northwest Atlantic Loggerhead Recovery Plan (NMFS & USFWS 2008) include an annual rate of nest predation by mammals of <10% for all recovery units. In the present study, the annual nest predation rate by mammals for peninsular Florida ranged from 5.2 to 11.6% (x = 8.4%). For the 2 study beaches in the Florida panhandle, no mammalian predation was reported. But the total number of mammalian predation reports from SNBS beaches in the panhandle not included in this study ranged from 1 to 46 nests yr −1 (x = 4, n = 1291), so we conclude that this mortality factor was under-represented by our sampling in the panhandle. The 2 primary predators identified on panhandle beaches were raccoons and coyotes Canis latrans (FWRI unpubl. data) .
RECOMMENDATIONS
Hatching and emergence success rates are necessary for deriving estimates of egg-to-hatchling survivorship in sea turtle populations, but reported values for these rates can be misleading. It is often difficult for users of this information to understand definitions of reported values, how rates were determined, and how sample nests were selected. Subtleties in field techniques can create bias, and, where methods are not detailed, this bias may not be evident. We point to 4 important sources of biased estimates: (1) a misrepresentative distribution of sample nests in time and space, (2) lost nests, (3) special (deferential) treatment of sample nests, and (4) failure to consider or erroneous assumptions about nests subject to erosion or predation.
Although the assessment of egg survival and hatchling production would seem to be a straightforward estimation, we propose that this measurement is a complex challenge. Based on the present study, we make the following recommendations for future studies:
• Represent regional values for hatching success by including sample beaches from throughout the region. If a small fraction of regional beaches is sampled, these beaches should serve to represent unsampled beaches in terms of characteristics that influence mortality factors. These characteristics include similar mammalian predation and erosion rates.
• Choose sample nests that spatiotemporally represent each study area and nesting season. This choice should ensure that all nests in a study area have the same probability of being selected as a sample. This goal could be accomplished by the selection of every nth nest (see 'Materials and methods') during nest surveys throughout the study area and throughout the nesting season. When all nests on a beach can be carefully followed and inventoried, there is no need to adopt a sampling scheme.
• Conduct multiyear nest productivity assessments to capture variation among years. Three years may be sufficient, although a longer time series would be more likely to encompass stochastic mortality events such as storms and predator population spikes.
• Mark nest locations using a technique that ensures that the marks persist throughout the incubation period, even under conditions of dramatic changes in the beach. This will greatly reduce the number of sample nests with biased fates, such as those that cannot be found because nest markers cannot be located.
• Do not give preferential protection to sample nests.
• Include all sample nests in the assessment of hatching and emergence success, including those that have been disturbed by erosion or predators. Knowledge of mortality factors associated with nests can be used to guide proxy values for hatching and emergence success (Table 2) where evidence has been destroyed. Average clutch sizes presented here can be used in these calculations to correct for unknown initial clutch sizes.
• Part of a regional nest sample should include nests with known clutch size so that lost hatchling production due to erosion and complete predation can be estimated. One way to sample true clutch size is to study fates of nests with eggs counted during translocation.
• More closely examine mortality from predators like ghost crabs that remove small numbers of eggs during incubation.
• Take an inventory of the contents of sample nests 3 to 5 d after the first sign of hatchling emergence . This delay should be sufficient to allow viable hatchlings to emerge naturally but should minimize bias due to decomposition (additional fragmentation) of hatched eggshells and data loss from post-emergence destruction of nests by predators or storm erosion.
• Examine data distributions for an excessive number of zeros. Nonparametric methods and modeling based on zero-inflated probability distribution may be required for some analyses. Careful observation and inventory of representative sample nests can give managers information for guiding the allocation of conservation resources and for measuring progress toward conservation goals. We recommend that managers assess the contribution of the different mortality factors before spending resources on nest protection or predator control. Such an assessment would support funding requests and track progress in achieving hatchling production goals.
